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Abstract. 
Using reflectivity measurements from the Total Ozone 
Mapping Spectrometer (TOMS), we show that over the 
months when stratocumulus clouds are prominent off 
the Peru Coast, the ultraviolet (UV) reflectance of two 
marine sites is consistently higher than that of the sur- 
roundings. The regions of reflectivity enhancement co- 
incide with large anthropogenic sulfate aerosol emission 
sources, and the magnitude of the enhancement has a 
strong seasonal dependence that is related to the sea- 
sonal cloud movement. We propose the indirect aerosol 
effect as a plausible explanation for the reflectivity ob- 
servations. 
Introduction 
Anthropogenic sulfate aerosols may impose radiative 
perturbations on climate by directly scattering the so- 
lar radiation (the direct effect) and by modifying the 
clouds (the indirect effect) [Charlson et al., 1992]. Serv- 
ing as cloud condensation nuclei, sulfate aerosols may 
increase the number of cloud droplets while reducing 
the droplet size. This would increase the cloud reflec- 
tivity [Twomey, 1974; Charlson et al., 1987], and may 
also inhibit precipitation and increase the cloud lifetime 
[Albrecht, 1989]. Because of its potential for producing 
an important climate forcing, the indirect aerosol effect 
has drawn much attention, yet remains highly uncer- 
tain. Further constraining this effect is thought to be 
essential for predicting climate change [Charlson et al., 
1992; Jones et al., 1994]. In this letter, we show some 
interesting reflectivity observations of[ the Peru Coast 
that may be related to the indirect effect of anthro- 
pogenic sulfate aerosols. 
Data 
The reflectivity data used in this study are the Nimbus- 
7 Total Ozone Mapping Spectrometer (TOMS) monthly 
reflectivity data (version 7) [McPeters et al., 1996]. 
The TOMS reflectivity measurements were taken in the 
ultraviolet (UV) at local noon. The Nimbus-7 TOMS 
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reflectivity is available for the years 1979-1992 in a 1.25 ø 
longitude x 1 ø latitude grid [McPeters et al., 1996]. 
Results and Discussion 
Reflectivity of[ the Peru Coast is shown in Figure 1 for 
selected months. The reflectivity for each month is con- 
structed by averaging over the years from 1979 to 1992. 
In February, the high reflectivity region, associated with 
the marine stratocumulus clouds, lies south of the Peru 
Coast. In May, the high reflectivity region moves north 
to the Peru Coast, and two reflectivity maxima become 
visible. Movement of the high reflectivity region is prob- 
ably associated with changes in the distribution of sub- 
sidence associated with seasonal changes in the Walker 
circulation, the Hadley Cell or more localized circula- 
tions. In August, the high reflectivity region moves even 
closer to the Peru Coast, two strong reflectivity max- 
ima are observed. In November, the high reflectivity 
region leaves the Peru Coast, moving south, while the 
two maxima are still observable. Data of intermediate 
months show similar results. Additional data for the 
years 1993-1994 and 1996-1999 from Meteor-3 TOMS 
and Earth Probe TOMS continue to show the described 
features. 
The UV reflectivity is used here as a proxy for the top 
of atmosphere (TOA) broadband visible albedo. TOA 
broadband visible albedo measurements were made by 
the Earth Radiation Budget Experiment (ERBE) [Bark- 
strom, 1984], although their grid (2.5 ø x 2.5 ø) is too 
coarse for them to be directly used in this study. We 
compare in Figure 2 the monthly ERBE visible and 
TOMS UV measurements over the ocean areas of[ the 
Peru Coast (90ø-70øW, 25ø-5øS). Data from February, 
1985 to January, 1989 are used. The data that we 
use have been modified by the National Center for At- 
mospheric Research (NCAR) [Hurrell and Campbell, 
1992]. Both data are regridded into a 5 ø longitude x 
5 ø latitude resolution for the comparison. A linear re- 
lation is found (r-0.94), with a slope close to unity 
(0.95+0.06). This is expected given that albedo vari- 
ations of these regions are mainly due to clouds and 
cloud albedo is insensitive to wavelength in the short 
wavelength limit. There is an offset of 5.8+1.5% as the 
clear sky albedo of the ocean areas of[ the Peru Coast is 
higher in visible (•-10%, Harrison et al. [1993], Figure 
2) than in the TOMS UV measurements (•-4%, Herman 
and Celarier [1997], Plate 1). 
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Figure 1. The climatological UV reflectivity for each month is constructed by averaging the TOMS measure- 
ments over the years 1979 to 1992. The reflectivity maps for February (a), May (b), August (c), and November (d) are shown for the Peru Coast. The coastline isover-plotted onthe maps. In this work, we focus on the marine 
regions, i.e. the regions west of the coastline. Two major anthropogenic SO2 emission sources, Lima (77øW, 
12øS) and Ilo (71øW, 17øS) are marked by the x symbol. Contours are over-plotted onthe maps from 24% to 
42%, in steps of 2%, for the marine regions. The monthly surface wind stress averaged over the years 1979-1992 
are overplotted for each month in arrows. The directions of the arrows have been reversed so that they are the 
same as the wind directions. The length of the arrow on the upper left corner of (a) represents a wind stress of 
0.5 Nm -2. 
The consistency in locations of coastal maxima sug- 
gests that the reflectivity enhancement is related to 
sources fixed in geographic position. The fact that max- 
ima are stronger when clouds are closer to the coast 
suggests that the enhancement is tied to the clouds. 
Marked with cross symbols in Figure 1 are two large 
SO2 emission sources, Lima (77øW, 12øS) and Ilo (71øW, 
17øS). The SO2 emission rate is • 180,000 Ton/year 
around Lima and • 275,000 Ton/year for Ilo, as doc- 
umented by the Global Emissions Inventory Activity 
(GEIA) [Benkovztz et al., 1996]. The large amount of 
SO2 emission is related to copper smelting. Lima and 
Ilo stand out as two major emission sites, as other re- 
gions along the coast mostly have SO2 emission rates 
less than 5000 Ton/year per 1 ø x 1 ø grid. 
Large amounts of sulfate aerosols may form from the 
emitted SO2 and contribute a large number of cloud 
condensation uclei (CCN). Utilizing the spectral de- 
pendence of the radiance measured by the multi-channel 
TOMS instrument, an uncalibrated aerosol index has 
been derived using a residue technique [Torres et al., 
1998]. Negative aerosol index represents he presence of 
small non-absorbing sulfate aerosols that are typically 
of anthropogenic origin. Unfortunately, the amount of 
sulfate aerosol is not readily retrieved since the detec- 
tion depends sensitively on the brightness of the under- 
lying reflective surface. Over bright reflective surfaces 
(e.g. clouds, snow/ice), the non-absorbing aerosols be- 
come undetectable. Nevertheless, the so-derived aerosol 
index does show considerable negative values along the 
Peru Coast (not shown). 
Monthly surface wind stress data, taken from the Na- 
tional Centers for Environmental Prediction (NCEP) / 
NCAR Reanalysis Project [Kalnay et al., 1996], are av- 
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Figure 2. Comparison of the TOMS UV re- 
flectivity and the ERBE visible albedo over the 
ocean areas off the Peru Coast (90ø-70øW, 25ø-5øS). 
Monthly data from February, 1985 to January, 1989 
are used. Both data are regridded into a 5 ø lon- 
gitude x 5 ø latitude resolution for the compari- 
son. A linear relation is obtained (r=0.94) with 
AERBE=5.8(+l.5)%+0.95(+0.06)RTOM$ using least 
square fit. 
eraged over the years 1979-1992 for the selected months 
and over-plotted in Figure 1. The directions of the ar- 
rows have been reversed so that they are the same as 
the wind directions. The length of the arrows repre- 
sents the magnitude of the surface wind stress, which 
equals CapV 2. V is the wind speed and p is the air 
density. The drag coefficient Ca is ,.• 1.5x10 -3 over 
the oceans and may be several times larger over land 
[Holton, 1992]. Offshore winds of order a few m/s are 
generally observed along the Peru Coast. This would 
bring polluted continental air off the Peru Coast into 
the marine environment. 
Clouds off the Peru Coast are mainly stratocumulus. 
These clouds are highly reflective and strongly affected 
by aerosols, both in the cloud reflectivity [Charlson et 
al., 1987] and the cloud lifetime [Albrecht, 1989]. Many 
model studies predict a significant indirect aerosol ef- 
fect off the Peru Coast [Jones et al., 1994; Boucher 
and Lohmann, 1995; Jones and Sl•ngo, 1997]. As seen 
in Figure 1, the reflectivity enhancement is strongly 
related to the marine stratocumulus close to the SO• 
emission sources. Stronger enhancement also coincides 
with stronger offshore winds that bring polluted air into 
the marine environment. Based on the above discus- 
sion, the indirect effect of anthropogenic sulfate aerosols 
appears to provide a physically plausible explanation 
for the reflectivity observations, although we note that 
without in situ measurements, the indirect aerosol effect 
remains only as a plausible explanation and no conclu- 
sive link can be drawn. 
The indirect aerosol effect has been observed in, for 
example, "ship tracks" [Coakley et al., 1987] and cloud 
modification by smoke particles [Kaufman and Fraser, 
1997]. There are also indications of anthropogenic sul- 
fate aerosols affecting the cloud albedo based on inter- 
hemispheric and transoceanic comparisons [e.g. Kim 
and Cess, 1993]. In these studies, the intrinsic vari- 
ability of the cloud field presents the chief difficulty, as 
the meteorological conditions are highly variable on the 
cross-ocean-basin scale. Off Peru's coast, most of the 
aerosols are emitted from two point sources, which may 
serve as two strong plumes. The concentrated emis- 
sion may produce large aerosol concentration gradients 
along the coast and allow observable indirect effect sig- 
nals within relatively short distances. Therefore, the 
natural variations of the cloud field, chief difficulty in 
quantifying the indirect aerosol effect [National Re- 
search Council, 1996], would be considerably smaller as 
compared to the cross-ocean-basin scale studies [Kim 
and Cess, 1993]. 
If related to the indirect aerosol effect, the reflec- 
tivity observations described here suggest a stronger 
seasonal dependence than suggested by model studies. 
For instance, model studies by Feichter et al. [1997] 
found that the indirect sulfate aerosol forcing off the 
Peru Coast is around-4 to-5 Wm -2 for both Jan- 
uary and July, with January forcing slightly more neg- 
ative. Given the difference in the solar insolation off 
the Peru Coast (20øS-10øS) between January and July, 
their results imply that the effect of anthropogenic sul- 
fate aerosols on clouds in July is about 1.5 times that 
in January. In Figure 1, however, we see that the reflec- 
tivity enhancement is totally absent in February when 
the main cloud region lies far away to the south of the 
SO2 emission sources. The same is true for January. 
On the other hand, the reflectivity enhancement in Au- 
gust is on the order of 10%, corresponding to a forcing 
of roughly -35Wm -2 given a solar insolation of ,.• 350 
Wm -2 in August for the relevant latitudes. This implies 
a localized indirect aerosol effect that is strongly tied to 
the cloud field that is near the aerosol source region. 
Correct modeling of cloud migration would therefore 
be essential for estimating the indirect effect of sulfate 
aerosols. 
Conclusion 
Using TOMS reflectivity measurements off the Peru 
Coast, we find consistent reflectivity enhancement over 
regions near major aerosol emission sources when the 
marine stratocumulus clouds are prominent. The in- 
direct effect of anthropogenic sulfate aerosols appears 
to be a plausible explanation. The observed reflectiv- 
ity enhancement has a strong seasonal dependence that 
is related to the seasonal cloud movement. The local- 
ized reflectivity enhancement exists probably as a conse- 
quence of the point emission sources on the Peru Coast, 
as they may produce large sulfate aerosol concentration 
gradients and observable indirect aerosol effects within 
a short distance. If so, studies over this region would 
encounter less intrinsic variability of the cloud field and 
reduced difficulty in quantifying the indirect aerosol ef- 
fect. We also note that the marine stratocumulus clouds 
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off the Peru Coast may play an active role in the trop- 
ical circulation [Miller, 1997]. Perturbations on these 
clouds might affect the global climate as well. 
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